Prior studies have pointed toward a link between the saccadic and vergence systems, coordinating binocular saccadic movements. Recent studies have shown that vergence deficits in children induce poor binocular coordination during saccades, but none of them have studied ocular motility in children during a daily task such as reading. The present study tests whether vergence deficits in children perturb binocular coordination of saccades and fixation during reading. Our second objective was to explore whether vergence training could improve the quality of binocular coordination. Twelve patients (from 7.3 to 13.4 years old) complaining from vertigo but without vestibular and neurological pathology underwent orthoptic tests and were selected for our study when they presented vergence deficits. Eye movements were recorded during a reading task with a Mobile EyeBrain Ò Tracker video-oculography system. Data were compared to twelve age-matched controls with normal orthoptic values. While there was no statistically significant difference in saccade amplitudes between the two groups (p = 0.29), patients showed higher disconjugacy during and after the saccades compared to controls (p < 0.001). After orthoptic training, six patients out of the first 12 examined came back for a second oculomotor test. All showed a significant improvement of their binocular saccade coordination. We suggest that the larger disconjugacy during reading observed in patients before training could be due to poor vergence as initially assessed by orthoptic examination. Such findings support the hypothesis of a tight relationship between the saccadic and vergence systems for controlling the binocular coordination of saccades. The improvement reported after orthoptic training is in line with the hypothesis of an adaptative interaction on a premotor level between the saccadic and vergence system.
Introduction
Reading, a daily task in modern society, requires several eye movements including saccades and vergence, which must be well coordinated. Horizontal saccades bring the eyes to successive words and are followed by fixations on each word to allow linguistic processing. The vergence angle between the two eyes must be well adjusted at the distance of the word for appropriate fusion of the two retinal images (Jainta, Jaschinski, & Wilkins, 2010) . Without such coordination between the saccadic and vergence systems, reading may be compromised, and this, to our knowledge, has never been examined in children. Collewijn, Erkelens, and Steinman (1988) first described human horizontal saccade characteristics. They reported a vergence-saccade coupling in healthy adults during voluntary saccades towards LED-targets. This coupling included a divergent disconjugacy during the saccade, followed by a convergent disconjugacy during the post saccadic fixation period. Such disconjugacy is most likely due to the fact that the abducting eye makes a larger movement than the adducting eye during horizontal saccades. Lewis et al. (1995) also proposed the existence of a link between the saccadic and vergence systems in adult patients with trochlear nerve paresis. After surgery, clinical assessment showed in those patients an improvement in vergence amplitude and a better binocular coordination of vertical saccades. Fioravanti, Inchingolo, and Spanio (1995) was the first to investigate the development of binocular coordination in children by recording horizontal saccades to LED-targets. They compared saccade characteristics between 3 groups of subjects: young children of 5-9 years old, older children of 11-13 years old and adults. The authors found similar oculomotor behavior between the older children and the adults, that is, the typical pattern divergent disconjugacy during the saccade followed by convergent disconjugacy during the post-saccadic fixation period. In contrast, children 5-9 years old made larger saccade with the adducting eye than the abducting one. The adducting eye also presented a shorter duration of the acceleration phase and a larger peak velocity. Surprisingly, in this younger group of children, the disconjugacy during the saccade was convergent. The authors attributed this effect to a ''poor compensation of mechanical asymmetries of the orbital planes existing in young children''. Later, Yang and Kapoula (2003) studied the binocular coordination of saccades to LED targets at two distances (20 cm and 150 cm) in children (4.5-12 years old) and adults (22-44 years old). They confirmed that the binocular coordination of children was poorer than adults' both during and after the saccades, especially in younger children (4.5-6 years of age). However, they showed that the disconjugacy during the saccades depended on target distance only in children (with larger disconjugacy for near targets) but not in adults. They also showed that disconjugacy of saccades improves with age and reach adult values around 10-12 years. The authors attributed these results to a maturation of cortical or subcortical structures responsible for saccade and vergence control and not to a mechanical reason since the dynamic of the saccades (peak velocity) did not differ between the adults and the children, nor with distance.
Studies of children's binocular motor coordination during reading are rather rare, in spite of the fact that this task requires saccade and vergence coupling. A study from our group compared binocular coordination in a ''single word reading'' task between two groups of healthy subjects: seven-year old children and adults. They found that binocular coordination during and after the saccades was poorer in children than in adults and characterized by greater disconjugacy. The authors advanced the hypothesis that the poor quality of binocular coordination of saccades could be related to immaturity of normal oculomotor mechanisms responsible for fine control between the saccadic and vergence commands. Such mechanisms could develop with visual experience during daily life and be associated with maturation of the cortical control of saccadic eye movements during childhood (Luna et al., 2001) . Bassou et al. (1992) were the first to explore the binocular coordination of saccades in reading in a study of ten-year old children. They used an EOG recording system providing low resolution eye movement measurements. These authors found poor binocular coordination in children and suggested that Hering's law (that the eyes are well coupled because the oculomotor muscles receive equal innervation) does not always apply in reading. Unequal innervations could lead to disconjugate eye movements, resulting in reading difficulties. Blythe et al. (2006) compared the binocular coordination of eye movements in reading, in twelve normal children aged from 7 to 11 years old and twelve young adult subjects (18-21 years old). They found that the disconjugacy at the beginning and at the end of the fixation was significantly greater in children than in adults. They also reported that children more frequently diverge during saccade and converge during post-saccadic fixation, and that this behavior changes over childhood to the adult pattern.
All of these studies show that adult saccadic and vergence interaction, necessary for a good binocular coordination during and after the saccades, is still developing in children under the age of 12. These results suggest also that a deficit in vergence or saccade oculomotor systems could lead to poor binocular coordination. In our previous work , we compared the binocular coordination of saccades to LEDs at near (30 cm) and far (150 cm) distances in a population of fifteen children (from 10 to 15 years) with vergence deficits. We found normal binocular saccade coordination for distant targets, but severe abnormal disconjugacy for saccades to near targets. Interestingly, this study showed also that orthoptic vergence training significantly reduced the disconjugacy of saccades at near distance. Dusek, Pierscionek, and McClelland (2011) showed clearly that orthoptic training significantly improves the characteristics of saccades and vergence in children with vergence deficiency.
In the present study, we evaluate binocular coordination during and after saccades during a text reading task, which requires a good coupling between the saccadic and vergence systems, in children with clinically assessed vergence insufficiency. Given that vergence abnormalities associated with vertigo appears to lead to poor binocular control during and after the saccade, as suggested by our previous work , we make the hypothesis that such poor binocular coordination of saccades might also be observed during a reading task. Secondly, we aim to explore whether vergence training could improve the quality of binocular motor control.
Materials and methods

Subjects
Twelve children (mean age 10.25 ± 1.82 years, range from 7.4 to 13.8 years) participated in this study. They had been referred to the Robert Debré Paedietric Hospital in the ENT or ophthalmology departments because of vertigo, headaches and dizziness. Comprehensive testing showed normal vestibular and neurological function (Wiener-Vacher, Toupet, & Narcy, 1996) but orthoptic examination revealed vergence insufficiency. A group of twelve age-matched normal children were also recruited as controls for comparison. Patients and controls were speaking French as a first language and had no known reading difficulties. The investigation adhered to the principles of the Declaration of Helsinki and was approved by our institutional Human Experimentation Committee. Written parental consent was obtained for each subject after the nature of the experiment had been explained and understood. (Table 1A) and for the control children (Table 1B) . Children were selected as patients when they suffered from vertigo and headaches, and when orthoptic examination revealed abnormal values (of at least one of these parameters of the orthoptic evaluation: NPC, convergence and divergence amplitudes). The convergent and divergent amplitudes were measured with a Berens horizontal prism bar. The value of convergence and divergence amplitude corresponded to the prism value inducing a ''break response''. Control children were selected as normal when they did not complain of any vertigo and/or headaches, and showed normal values at the orthoptic evaluation. In the literature, normative data for orthoptic examination varied greatly (Besnard, 1973; Von Noorden, 2002; Espinasse-Berrod, 2008; Jeanrot & Jeanrot, 2003) . We based our criteria on our normal values calculated in our clinical research center on a population of 81 subjects age from 5 to 17 years (mean age 9.6 ± 3 years) presenting no vertigo, no headaches, no vestibular pathology and no neurological or ophthalmologic pathology. Based on these criteria, significant differences in orthoptic examination between control and patients were only observed for the near point of convergence (NPC, evaluated with a small accommodative target) and the convergence fusional amplitude.
After oculomotor training
Oculomotor training consisted of 12 sessions (2 per week) of 20 min each for a total duration of 6 weeks. The training session consisted of several eye movement exercises (e.g. converging and diverging the eye to follow a pen-light or a letter moving in depth) in order to improve the range of fusional vergence amplitude (see our previous works: Bucci et al., 2004a Bucci et al., , 2004b and it was done by an orthoptic specialist. No home training was assigned to the children. All twelve children of this study underwent orthoptic training, but only six patients came to the hospital a second time after vergence training. For these patients, an orthoptic evaluation was done (see Table 1A ) before recording eye movements during the reading task.
Reading task
The reading paradigm (adapted from consisted of four lines from a text extracted from children's book, containing 40 words and 174 characters. The text was 29°wide and 6.4°high; the text was written in black Courier font on a white background and mean character width was 0.5°. Texts were different for the three age groups examined (7-9, 10-12 and 13-18 years) ( Fig. 1A-C ). Children were asked to read the text silently at their own speed and raise a finger when they had finished.
Eye movement recording and procedure
During the text reading task, eye movements were recorded with the Mobile EyeBrain Tracker (Mobile EBT Ò , e(ye)BRAIN, www.eye-brain.com), an eye-tracking device, CE-approved for medical applications. In this system, two cameras track each eye independently and simultaneously at a frequency of 300 Hz. The precision of this system is 0.25°. There is no obstruction of the visual field with the recording system and the calibrated zone covers a visual field of ±22°. For further detail on the eye movement recording system (see Lions et al., 2013) .
Children were asked to sit in a comfortable chair adjusted for height, in a dark room, with their face resting on a forehead and chin support, under binocular viewing conditions in front of a PC screen of 22 00 with a resolution of 1920 Â 1080 and a refresh rate of 60 Hz, at 58 cm distance from the screen.
The calibration consisted of a succession of points (diameter 0.5 deg) presented randomly on the screen following a grid of 13 points. Point positions in degree in horizontal/vertical plan were: À20.9°/12.2°; 0°/12.2°; 20.9°/12.2°; À10.8°/6.2°; 10.8°/6.2°; À20.9°/0°; 0°/0°; 20.9°/0°; À10.8°/À6.2°; 10.8/À6.2°; À20.9°/ À12.2°; 0°/À12.2°; 20.9°/À12.2°. The calibration is calculated for a period of fixation of 250 ms for each point. Note that this is a binocular calibration, which is equivalent to monocular calibration 1 since all children had normal binocular vision (Table 1) . A polynomial function with five parameters was used to fit the calibration data and to determine the visual angles and immediately after the calibration the reading task started.
Data analysis
Methods were similar to those used previously Lions et al., 2013) . Briefly, the MeyeAnalysisÓ software (provided with the eye tracker, see www.eyebrain.com) was used to extract saccadic eye movements from the data. It determined the onset and the end of each saccade automatically by using a 'built-in saccade detection algorithm'. All detected saccades were verified by the investigator and corrected or discarded as necessary.
For each saccade recorded in the reading task, we examined the amplitude of the conjugate [(left eye + right eye)/2] and disconjugate components (left eye À right eye) of the eye movements. The disconjugacy was measured as the change in vergence between the beginning and the end of each saccade between two subsequent saccades. We also examined the disconjugate component of the post-saccadic drift. Individual data for each subject tested (patients and controls) are shown in Table 2A and B. Figs. 1-3 show absolute values of the conjugate and disconjugate component of saccades and the disconjugate component of the post-saccadic fixation period in degrees. The duration of fixation was also evaluated. To calculate the percentage of disconjugacy, we selected all the saccades and classified them as having an adult pattern of disconjugacy or not. Then the results was expressed as a percentage of adult pattern of disconjugacy on the total of saccades. Statistical analysis of variance (ANOVA) was performed with subjects (patients and control) as a random factor and the saccade parameters (saccade amplitude, saccade disconjugacy and post-saccadic drift disconjugacy) as fixed factors. For comparison before and after orthoptic training, a t-test for paired samples was performed. Effects were considered significant when the p-value was below 0.05.
Results
NPC, convergence and divergence values obtained with orthoptic examination before training
The values obtained from the orthoptic examination for the two populations of children are presented for patients in Table 1 (A for patients and B for control children). The NPC mean value was 6.25 ± 4.22 cm for patients and 3.00 ± 3.30 cm for controls, and the t-test showed significant difference between the two groups (t = À2,09; p < 0.047). The mean convergence value amplitude at far distance was 11.33 ± 6.36 prism diopters for the patients and 18.92 ± 4.64 prism diopters for control children. The mean convergence value amplitude at near distance was 22.5 ± 10.11 prism diopters for patients and 37.5 ± 4.52 prism diopters for controls. Convergence amplitude values were significantly different between the two groups of children: t = 3,34; p < 0.003 and t = 4,69; p < 0.001, respectively for far and near distance. The values of phoria and of divergcen were similar between the two groups of children.
Parameters of eye movement recorded before training during reading
All indiviudal values of the saccade amplitude, of the saccade disconjugacy and of the post-saccadic fixation disconjugacy are shown in Table 2 (A for patients, B for control children). Fig. 2 A shows the mean amplitude of saccades for patients and control children. The ANOVA test showed no significant effect of group (F (1,22) = 1.16 p = 0.29) suggesting that the amplitude of the patients' saccades (mean: 3.09 ± 0.26 deg) were the same as those of the controls (mean: 3.46 ± 0.23 deg). 
Saccade amplitude
Binocular coordination during saccades
Fig . 2B shows the mean disconjugacy during saccades for the patients and the control children. The ANOVA test showed a significant effect of group (F (1,22) = 81.48, p < 0.001). Patients had significantly higher disconjugacy (mean: 0.85 ± 0.20 deg) than control children (mean: 0.29 ± 0.08 deg). We also examined the percentage of adult disconjugacy patterns (divergence during the saccade and convergence during the post-saccadic fixation) for the two groups of children tested. We did not find any differences between patients and controls: 20 ± 16% and 16 ± 7% in patients and in control children, respectively. However, we can note that the patients present a large variability, compared to controls.
Disconjugacy and sign of the post-saccadic fixation
Duration of fixation
The duration of the fixation in patients was 379 ± 122 ms and in controls 318 ± 145 ms and the ANOVA test showed no significant effect on the duration of the fixation between the two groups (F (1,22) = 1.24, p = 0.28).
Orthoptic vergence training effect
For six patients, we compared the data measured before and after orthoptic training. Symptoms of vertigo and headaches had disappeared for all six children (Table 1 and 2A ). The range of convergence amplitude increased significantly after training: t = À9.43, p < 0.001 at far and t = À4.58, p < 0.006 at near distance. The mean convergence value amplitude after training was 40.83 ± 5.85 prism diopters (increase of 30 prism diopters) at far distance was 45 ± 3.16 prism diopters (increase of 22 prism diopters) at near distance.
The t-test did not show significant effect on the saccades amplitude (t = À0.69, p = 0.5); the mean values were 2.93 ± 0.40 before and 3.12 ± 0.65 after orthoptic training.
However, the disconjugacy of saccade and of post-saccadic fixation (see Fig. 3A and B) changed after orthoptic training. The t-test revealed a significant difference of the disconjugacy during the saccades (t = 2.65, p < 0.045). Training decreased the disconjugacy: the mean disconjugacy after training was 0.58 ± 0.24 deg, while before it was 0.94 ± 0.21 deg. Furthermore, the t-test showed also a significant reduction of the disconjugacy of the post-saccadic drift (t = 2.52, p < 0.05). The disconjugacy of the post-saccadic drift recorded before training was 0.96 ± 0.35 deg while after it was 0.49 ± 0.19 deg.
Note that the t-test on disconjugacy values during and after the saccade between normal children and patients after orthoptic training did not show any statistical differences (t = À2.25 p = 0.2 during the saccades, t = À0.7 p = 0.46 during the post-saccadic drift).
Discussion
The main findings in this study are the following: when reading a text the saccade amplitude is similar for patients with vergence insufficiency compared to control children. However patients show a percentage of disconjugacy larger than controls, marked by poor binocular coordination during and after the saccades. Six patients examined after oculomotor training show an improvement of binocular coordination during and after their saccades. These results are new and will be discussed below.
Saccade amplitude during reading
Our study shows that saccade amplitude is similar in patients and control children of comparable age. Rayner (1998) has shown that the reading improves with age in children: saccade amplitude increases, the number and the duration of fixation decrease and the frequency of regressive saccades also decrease with age. Other studies (Buswell, 1922; Taylor, Frackenpohl, & Pettee, 1960; McConkie et al., 1991) have confirmed these results, showing that beginner readers have shorter saccade amplitudes than children aged 10-11 years. McConkie et al. (1991) proposed that this difference in eye movement characteristics during reading could be due to different strategies used by children during this task. Saccades are usually made to bring the center of a word onto the fovea, regardless of word length (Rayner, 1979) . This landing position of the gaze in the middle of the word seems to be the same in adults as in children, but beginner readers make more frequent smaller refixation. The mean age of our population (patients and controls) was 10.25 years old, therefore according to Rayner's (1998) and Mc Conkie's results their capabilities for reading are good and the amplitude of their saccade similar to adults. Note that in our study the two seven-year old children had already developed their reading skills well, and that their performance was the same as those of older children examined.
Binocular coordination during and after the saccade
Our study shows that in patients with vergence insufficiency binocular coordination during and after the saccades is poor in reading. This result is new and completes the previous study of our group showing large disconjugacy during and after saccades to LEDs at a near distance in children with vergence abnormalities. This finding can be explained by the hypothesis of a relationship between the saccadic and vergence systems for binocular coupling at the premotor level, as suggested by Lewis et al. (1995) . Based on this study, we made the hypothesis that a deficiency in the convergence system, as occurs in our children with vergence abnormalities, could interfere with a reliable signal of convergence, thereby leading to uncoupled saccades and poor binocular coordination during and after saccades. Our results allow us to increase knowledge on vergence and saccade interaction in reading. If such a mechanism does not work in a correct way, it could lead to impaired quality of binocular coordination after saccades. There is debate on whether poor binocular coordination of saccade control could interfere with reading capabilities (in dyslexia for instance). Further studies are needed to examine binocular coordination in a larger population of children without vergence abnormalities and of children with reading difficulties.
Sign of the disconjugacy during and after the saccade
It is well known that transient divergence disconjugacy is observed at the end of a saccade, which is corrected by an immediate convergence movement during the fixation period after the saccade (Collewijn, Erkelens, & Steinman, 1988) . Such divergent-convergent disconjugacy could originate from either a central or a peripheral mechanism. Collewijn, Erkelens, and Steinman (1997) advanced the hypotheses that, in the natural environment, this transient divergence during the saccade could allow the visuo-motor system to produce a fast and effective vergence eye movement. Blythe et al. (2006) have suggested that this pattern divergenceconvergence disconjugacy appears during adolescence, around 11-12 years of age. This pattern of divergence during the saccade and convergence during the post saccadic fixation was also shown by our group (Bucci, Kapoula, & Bremond-Gignac, 2008) in 11 years old children in a single word reading task. Our findings in both groups of children are in line with the findings of Blythe et al. (2006) and Bucci, Kapoula, and Bremond-Gignac (2008) . However the group of children tested is small and their ages are different (from 6.7 to 13.5 years). Other studies on a larger population of children with a broader age range will be necessary to analyze this phenomenon in more detail. 
Duration of the fixation
Our findings do not show any differences in the duration of the fixation for the patients and the control children. Rayner (1998) showed that fixation duration decreased with age, in relation to the improvement of reading abilities. McConkie et al. (1991) showed that during reading, 6 and 7 years old children made longer fixation than adults. A previous study from our group reported similar results during a single word reading task in 7 years old children. Reading capabilities in children tested in the present study are well developed and this could explain why we did not report any differences in duration of fixation in the two groups of children studied.
Vergence oculomotor training effect
Orthoptic training is commonly used by clinicians to improve vergence performances (Von Noorden, 2002; Griffin, 1987; Scheiman et al., 2005) . Previous study of our group in patients with vergence insufficiencies (Bucci et al., 2004a (Bucci et al., , 2004b reported objective improvement in oculomotor behavior after orthoptic training (shorter latency and better accuracy of vergence movements) attributed to a mechanism of visual attention, i.e. a better localization of the target and a tight guidance of attention and eyes to the target. We also showed that poor binocular coordination during and after the saccades could be reduced after training . These results were explained by suggesting an interaction between the saccadic and vergence systems, as previously proposed by Lewis et al. (1995) . According to this hypothesis, improvement of the vergence capabilities by orthoptic training leads to an improvement of the binocular coordination during and after the saccades. This link between those two oculomotor systems could be located at a premotor level (Lewis et al., 1995) , or via the omnipause neurons as suggested by Zee, Fitzgibbon, and Optican (1992) and Mays and Gamlin (1995) . Dusek, Pierscionek, and McClelland (2011) examined in a large population of children (from 7 to 14 years old) with reading difficulties, the changes due to orthoptic treatment. They showed an improvement after oculomotor training of the clinically assessed orthoptic values (i.e., the amplitude of accommodation, the binocular accommodative facility, the vergence fusional amplitude). This orthoptic improvement was associated with an enhancement of reading capabilities with an increase in reading speed. Furthermore, in a group of children who refused orthoptic treatment these authors still found an improvement of vergence capabilities but much lower than those reported in children who completed orthoptic training. So, the efficiency of orthoptic treatment on vergence fusional facilities has been confirmed by this study.
Our data showed an improvement of vergence fusional amplitude assessed with orthoptic evaluation after orthoptic training, but also improvement of the dynamic binocular coordination during a text reading task. We suggest that the improvement of the vergence capacities lead to a better binocular coordination of saccades during reading tasks. This result emphasizes the importance of the vergence system for the binocular coordination of the saccades and confirms the hypothesis of interaction between the saccadic and vergence systems that is under adaptative control. A study on a larger population of children evaluated before and after orthoptic training during a text reading task will be useful to confirm these preliminary results.
Conclusion
In conclusion, our study shows poor binocular coordination during and after the saccades in a text reading task in children (of mean age 10 years old) with vergence abnormalities compared to control age-matched children. Such abnormalities are likely due to the deficient vergence capabilities. This poor eye coupling could disturb the reading process, and delay learning mechanisms. We showed also that orthoptic training improves vergence performances and binocular coordination: despite the small number of our sample, this observation suggests an adaptative mechanism linking the vergence and saccadic systems for binocular coordination.
